Electroquasistatic-thermal modeling and simulation of station class surge arresters by Späck-Leigsnering, Yvonne et al.
IEEE TRANSACTIONS ON MAGNETICS, VOL. 52, NO. 3, MARCH 2016 9100104
Electroquasistatic-Thermal Modeling and Simulation
of Station Class Surge Arresters
Y. Späck-Leigsnering1, E. Gjonaj1, H. De Gersem1, T. Weiland1, M. Gießel2, and V. Hinrichsen2
1Institut für Theorie Elektromagnetischer Felder, Technische Universität Darmstadt, 64289 Darmstadt, Germany
2Fachgebiet Hochspannungstechnik, Technische Universität Darmstadt, 64283 Darmstadt, Germany
A coupled electroquasistatic-thermal method for the simulation of surge arresters is developed. In order to cope with the extremely
short-time scales associated with the strongly nonlinear electrical characteristic of the metal–oxide resistor material, a multi-rate
time integration technique is adopted. Besides, a model for the heat transfer in the arrester air gap is developed, which considers
radiation and natural convection by means of an equivalent material model. 2-D finite-element simulations for a station class arrester
in continuous operation are carried out and validated against measurements. Furthermore, the method is used to investigate thermal
stability under pulsed overvoltages as specified by the IEC operating duty test.
Index Terms— Arresters, power system protection, surge protection, thermal conductivity.
I. INTRODUCTION
STATION CLASS arresters are essential for operatingelectric power transmission systems. The power system
equipment in the substations is protected due to the ability of
an arrester to limit overvoltages from lightning or switching
events. The arrester core is the metal–oxide (MO) material
featuring a highly nonlinear U–I characteristic. This allows
to absorb large amounts of energy in the case of a voltage
surge [1].
In standard IEC 60099-4 [2], sophisticated and carefully
developed testing procedures have been formulated [3].
However, laboratory tests of the thermal energy handling capa-
bility for complete station class arresters cannot be realized.
Thus, power system engineers are becoming increasingly inter-
ested in the numerical simulation methods as an alternative to
the conventional design and testing [4], [5].
Simulation approaches using the finite-element
method (FEM) can be categorized in how they
represent the electrical response of surges arresters.
A purely capacitive representation assumes negligible
resistive effects in continuous operation, e.g. [6]. It is
the most conservative approximation as it does not take
conductive field-grading effects into account. The industry
norm [2] recommends a capacitive–resistive representation
of the MO resistor column. This is equivalent to an
electroquasistatic (EQS) approach assuming a field-dependent
MO conductivity, adopted in [7]–[9]. The strong nonlinearity
and temperature dependence of the electrical characteristic
requires, especially for ultrahigh-voltage systems, the analyses
of the potential and, additionally, the temperature distribution.
Thus, a heat transfer model for the investigated arrester
must be introduced [10], [11]. Station class arresters require
substantially more advanced modeling approaches compared
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Fig. 1. (a) 550 kV station class arrester equipped with a field-grading
ring. (b) Schematic of the resistor column, air gap, and porcelain housing.
(c) Measured electrical characteristics of the ZnO resistors.
with small-sized distribution class arresters considered in the
literature so far. This includes current displacement effects,
natural convection, and thermal radiation.
In this paper, we propose a numerical method enabling
transient electroquasistatic-thermal (EQST) station class surge
arrester simulations, including the addressed effects. A multi-
rate time integration technique is developed and implemented
in a 2-D in-house code, considering the different electrical and
thermal time scales.
II. SPECIMEN
The considered arrester is of station class (continuous
operating voltage Uc = 345 kV) and is available for testing
purposes at the TU Darmstadt [see Fig. 1(a)]. It contains a total
of 76 vertically piled zinc-oxide (ZnO) resistor blocks as well
as several metallic spacers and flanges amounting to a total
stack height of 420 cm. This so-called MO resistor column
is enclosed within a porcelain housing [Fig. 1(b)], forming
an air gap with the width δ = 35 mm. The most important
figure for arrester operation is the electrical characteristic of
its MO resistors. For the analyzed specimen, the U–I -curves
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Fig. 2. EQST system, with the coupling parameters of the electrical power
loss density q˙(E, T ) and electrical conductivity of the MO material σ (E, T ).
Time stepping scheme with local EQS steady state.
for different temperatures were obtained by single MO resistor
measurements, as shown in Fig. 1(c). The relative permittivity
is assumed constant, εr = 700. The reader is referred to [12]
for further material specifications.
III. NUMERICAL METHOD
A. EQST Simulation With Multi-Rate Time Stepping
The set of transient EQST equations is given by
∂t div (ε grad(φ))+ div (σ (E, T ) grad(φ)) = 0 (1)
∂t (cvT )− div(λ(T ) grad(T )) = q˙ (2)
where φ is the electric potential and T is the temperature.
The electrical and thermal material properties are given by
ε, σ (E, T ), cv, and λ(T ) describing, permittivity, electrical
conductivity, volumetric heat capacity, and thermal conduc-
tivity, respectively (material data detailed in [12]). The two
equations are coupled by the Joule loss power density,
q˙(t) = σ (E, T ) E2 = σ (E, T ).
For the solution of (1), a weak coupling approach is
adopted. Equations (1) and (2) are solved successively within
every time step based on a standard 2-D-FEM discretization of
the surge arrester geometry. Hereby, the challenge is posed by
the extremely different time scales characterizing electrical and
thermal processes, respectively. The electrical conductivity at
the working point varies by nearly six orders of magnitude
within a single period of the ac voltage (see Fig. 1). The
necessary time step for resolving these variations in (1) is
estimated to 'tel < 100 µs. On the other hand, thermal
transients in the arrester develop over several hours. Thus, the
thermal time step for the solution of (2) is 'tth ≈ 1 min.
The basic idea of the multi-rate time integration scheme
is shown in Fig. 2. The EQS problem (1) is advanced in
time with 'tel until a local electrical steady state is reached
corresponding to a time-periodic variation of the arrester
currents and the voltages. Note that, due to the nonlinearity
of the problem, this state is very different from the usual
time-harmonic solution arising in the linear case. Therefore,
a fully transient solution considering the nonlinear electrical
ZnO conductivity (Fig. 1) is necessary.
The local electrical steady state is reached within a short
interval of a few periods of the ac voltage with 'tel;s ≪ 'tth.
Assuming that the temperature distribution remains nearly
constant, the total heat loss density within a thermal time
step can be computed from the heat loss density per period at
the local steady state. Thus, once an electrical steady state is
reached, the heat conduction equation (2) can be advanced in
time with the much larger time step, 'tth. The resulting new
temperature distribution is, then, used to compute a new local
electrical steady state at the next time step.
B. Heat Transfer in the Air Gap
Thermal radiation and natural convection are of crucial
importance as these two mechanisms determine the arrester
resistance in continuous operation as well as its thermal
stability under voltage surges. External convection and radia-
tion contributions are included in the simulation by applying
appropriate boundary conditions. For the heat transfer in the
air gap, a nonlinear heat conduction model is proposed. The
air gap is assumed to be filled with an equivalent material with
thermal conductivity
λeq(T ) = λair + λconv(T )+ λrad(T ) (3)
combining the effects of thermal conductivity, λair, natural
convection, λconv, and radiation, λrad. The conductive and the
convective contributions are combined into λcc. It is estimated
separately for each arrester segment as λcc = Nuλair, where
Nu is the mean Nusselt number of a closed vertical annular
cylinder. This dimensionless number depends on the inner
and outer wall temperature difference 'T . The geometric
dimensions are the height of the segment h, the inner and outer
radii r1,2, and the gap width δ. The temperature-dependent
fluid and flow properties are described by the Grashof Gr('T )
and Prandtl number Pr [13]
Nu = 0.48 · Gr('T ) Pr
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δ
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h
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The Nusselt number is defined a priori based on the
measured steady-state temperature distribution within each
arrester segment separately. This is necessary because of the
large temperature difference of the segments leading to quite
different natural convection conditions within the respective
air gap.
Similarly to the convective heat transfer, one aims for the
definition of an equivalent conductivity λrad for the radiative
heat transfer in the arrester gap. The Stefan–Boltzmann law
relates the emissive power and the surface temperatures [13]
Q˙12 = A1 C12(T 41 − T 42 ). (5)
The radiation exchange factor C12 for the annular cylinder is
given in [13], and the inner surface of the annular cylinder
is A1. A temperature-dependent equivalent thermal conductiv-
ity is introduced [12]
λrad(T ) = 4C12T 3 r1 ln(r2/r1). (6)
Note that the heat flow rate provided by this model is identical
with the one given by the Stefan–Boltzmann law for radiative
heat transfer in the air gap assuming solely radial steady-state
heat transfer. The validity of this approach for the circular
annulus case can easily be verified [12].
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Fig. 3. Comparison of the temperature decrease for the developed non-
linear material model (Model A) and the COMSOL model (Model B).
(a) Temperature decrease for the start temperatures T0 = [450 400
350 310] K. (b) Relative deviation between the two models.
Fig. 4. (a) Top: stationary temperature distribution in continuous
operation. (b) Bottom: temperature along arrester axis at different time
instants; comparison with measurement.
C. Validation of the Nonlinear Heat Conduction Model
for Radiative Heat Transfer in Annular Cylinders
The proposed nonlinear conductivity model representing
thermal radiation is evaluated against the surface-to-surface
radiation module provided by COMSOL Multiphysics.
An arrester slice including the air gap is modeled. The scenario
is as follows. The ZnO block is preheated to typical arrester
column temperatures after an operating duty. The ambient
temperature is Tamb = 293 K. The ZnO block cools down
via radiative heat transfer over the air gap to the porcelain
housing. Fig. 3(a) shows that the temperature within the
ZnO block decreases over time. A very good agreement
between both models is obtained [see Fig. 3(b)]. The relative
deviation is always below 0.24%. The deviation reaches the
highest values within the first hour, which is attributed to the
involved heat capacities of the ZnO and the porcelain material.
Consequently, the nonlinear equivalent material model is con-
sidered suitable for modeling radiative heat transfer for long
annular cylinders, such as air gaps of porcelain housed station
class arresters.
IV. ARRESTER IN CONTINUOUS OPERATION
Fig. 4(a) shows the stationary temperature distribution in
the arrester (deposited on a grounded surface) after ≈ 4 h
of continuous operation at the rms voltage Uc = 345 kV
Fig. 5. (a) Power loss P (red solid line) of the MO resistors and the heat
flow rate Q˙ (blue dashed line) to the ambiance determine thermal stability.
(b) Principle course of the temperature curve within the ZnO segments over
time of a thermally stable scenario with two energy impulse injections.
and power frequency f = 50 Hz. In Fig. 4(b), the transient
temperature along the arrester axis is monitored every 15 min
until stationary state is reached. The initial arrester and
constant ambient air temperature is 293 K. Note that the
temperature difference between the bottom and top segment of
the arrester amounts to more than 80 °C. Thus, the respective
arrester segments operate at very different working points on
the electrical characteristics (Fig. 1). These results, as well as
the temperature profiles obtained in the simulation, are in a
very good agreement with the measurement considering the
large degree of uncertainty of parameters and environment
factors affecting arrester operation.
V. ARRESTER THERMAL STABILITY
A. Definition of Thermal Stability and Cooling Rate
A surge arrester is classified thermally stable in IEC
60099-4 [2] if it is able to cool down after one or more
voltage surges are applied. Fig. 5 shows the principle behavior.
As long as the cooling heat flow power Q˙ exceeds the power
losses P for a given temperature, the arrester is thermally
stable. Beyond the stability limit, the thermal dissipation
capability of the arrester is smaller than the power losses.
A destructive thermal runaway occurs.
Due to the electrical excitation, losses occur depending on
the arrester temperature and voltage surge amplitude. This
injected energy must be transferred through the surface of
the arrester stack and further on via the air gap through the
porcelain to the ambient air (cooling heat transfer Q˙cd). The
difference between the power loss P and Q˙cd is the effective
power flow Q˙eff from the ZnO material to the ambiance,
resulting in a temperature decrease
Q˙eff = Q˙cd − P = −Cth dTdt . (7)
Hereby, Cth is the heat capacity of the ZnO blocks. The system
can be characterized as thermally stable if Q˙eff ≥ 0 for all
time instants, i.e., if the cooling process dominates or is in
equilibrium to the electric heat generation. The above relation
can be rewritten with the total heat transfer coefficient αeff as
Q˙eff = αeff(T −T0). By combining the latter equation and (7),
one obtains
αeff ∝ −(T − T0)−1 dTdt = η ≥ 0 (8)
as stability criterion, where η defines the system cooling rate.
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Fig. 6. (a) Average start temperature of each arrester segment (seg), labeled
bottom-up 1 (bottom seg) and 2, 3, 4 (top seg) after both impulse injections.
(b) Calculated cooling rate for each arrester seg.
B. Cooling Rate Analysis for Energy Impulse Scenarios
Based on the IEC operating duty test, the arrester is
subjected to two energy impulses representing repeated oper-
ating duties. For a detailed description of the simulation
procedure see [12]. The impulses are applied as adiabatic
temperature rises in 'T = 30 K each. The interval between
the impulses, tgap, varies from 30 s up to 10 min. Initially,
the arrester is in continuous operation (see Fig. 4). Fig. 6(a)
shows the start temperature after the impulse injection. The
analysis of the temperature for longer simulation periods
shows that all scenarios are thermally stable. Based on (8),
Fig. 6(b) shows the cooling rate η that varies over the arrester
segments. One may observe two distinct phenomena. For
large gap times (tgap > 5 min) η diminishes, as, the lower
the start temperature, the lower is the radiative heat transfer
contribution. For short impulse intervals, η also decreases
significantly. In this region, the strongly nonlinear increase
in the Joule losses (see Fig. 5) is present. This regime
is, by (8), suspected to cause thermal instability for higher
impulse intensities. The variation of η over the segments
is attributed to the inhomogeneous field stress distribution
resulting in reduced losses and temperatures in the lower
segments. However, the lowest cooling rate is observed for the
middle segment (seg. no. 3) and short gap times. Compared
with the top segment, which features longitudinal heat transfer
via the top flange, the cooling rate decreases earlier and
moves toward zero. Clearly, the absolute temperature at the top
segment is no decisive for thermal stability. Rather, the cooling
rate is strongly influenced by both, heat transfer capability
and the distribution of the Joule losses along the arrester,
respectively.
VI. CONCLUSION
A coupled electrothermal simulation approach is introduced.
An ungraded 550 kV-system arrester is modeled including a
nonlinear thermal conductivity model for the arrester air gap.
A novel nonlinear heat conduction model for the radiative
heat transfer in annular cylinders is proposed and successfully
evaluated. Continuous operating voltage simulations provide
a steady-state temperature distribution. Good agreement to a
measured temperature distribution is obtained. Furthermore,
a thermal energy handling capability of arresters can be inves-
tigated with the proposed arrester cooling rate. This parameter
is computed from the simulations based on the IEC operating
duty test with varying impulse intervals. The cooling rate does
not depend on the absolute temperature, which is found in
the top segment. Rather, the middle segments experience a
significantly stronger deterioration of the cooling rate for short
impulse intervals. This effect might lead to thermal instability
originating in these segments for higher pulse intensities.
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